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Absolute emission in tens i ty  measurements of the radiative combination of 
oxygen atoms, 0(3P), i n  the temperature range between 2500°K and 3800°K are pre- 
sented. 
in te rva ls  i n  the wavelength range between 2300A and 451lA. 
in tens i ty  was found t o  be proportional t o  the square of the oxygen atom concen- 
t r a t i o n  and t o  be characterized by an activation energy of 2 8 . w . 2  kca l  mole-l. 
These r e su l t s  are interpretated i n  terms of an inverse predissociation mechanim 
i n  which the oxygen atoms combine along a repulsive poten t ia l  energy surface with 

s ta te  of molecular oxygen and a subsequent radiative 

The emission in tens i ty  was recorded sgnultaneouFly i n  six spectral  
The absolute emission 

a t rans i t ion  t o  the B3 
t rans i t ion  t o  the  oxygen. The r a t e  const n t  f o r  the 
overall  radia ive 
f 2200/RT) cm3 mole-l sec-l  fo r  the wavelength range 2300A t o  5000A. 

was found t 8  be 4 . 3 & O 8  exp(- 28900 

I. INI%ODUCTION 

Measurements on the radiative combination of oxygen atoms, q 3 P > ,  i n  the 
temperature range between 2500°K and 380OoK are presented. This radiative process 
was f i r s t  observed during an investigation' on the radiative combination of atomic 
oxygen and carbon monoxide. 
t o  the  t o t a l  emission in tens i ty  occurred a t  wavelengths below 4500A i n  the  
presence o f  oxygen atoms only. 

I n  the l a t t e r  case, it was found t h a t o a  contribution 

I n  the present experiments, absolute emission in tens i ty  measurements of the 
radiation result ing from the combination of oxygen atoms were made by shock heat- 
ing O3 + A r  gas mixtures t o  temperatures i n  the range c i t ed  above and t o  pressures 
between 0.5 and 2.0 atm. 
six spectral  in te rva ls  i n  the wavelength range between 2300A and 45llA. 
emission in tens i ty  behind the  shock f ront  a t  the time of essent ia l ly  complete ozone 
decomposition was correlated with the oxygen atom concentrations a s  determined by 
numerical calculations. 

The emission in tens i ty  w a s  record@ simultqeously i n  
The 

11. MPERIMErnAL 

The experiments were conducted with the 3 inch, in te rna l  diameter shock tube 
f a c i l i t y  and the associated opt ica l  system and gas handling system previously 
emp1oyed.l For the measurement of the emission in tens i ty  of the radiative combi- 
nation of oxygen atoms, the  six sl i ts  i n  the  image plane of the spectrograph had 
the  center wavelengths and bandpas+s given I n  Table I. 
l i s t e d  have an e r ro r  of less t$an 3A. 
spec t ra l  in te rva l  between 2300A and 25OU, two Dumont 7664 photomultipllers with 
S-13 spectral  responsg and fused s l l l c a  VindOws were employed, and i n  the  spectral  
i n t e rva l  between 3000A and 4 5 d ,  four RCA type P28, photomultipliers with S-5 
spectral  response, two of which had quartz windows, were employed. The response 
of the detector system was l inear ly  r e b t e d  t o  Incident radiation' and output 
signal for  each spectral  channel was not affected by radiation t r a n m l t t e d  i n  the  
other channels.' 
of a calibrated tungsten ribbon filament lamp) The en t i re  op t ica l  system was 

The wavelength values 
Fgr detection of incident radiation i n  the 

The output signals were c a l l  rated i n  terms of the steradiamy 



m. 
anclosed in a light tight box which could be flushed with PS t o  avoid absorption 
of the &tted r sd ia t lon  by air. 

!The gas mirtures of 4 and Ar were prepared from Matheson Co. supplies of Ar 
(ultra Mgh puri ty  m) containing less than E ppm of contaminants and from 
LiqW Uarbo~Ic O2 (e lec t ro ly t ic  laboratory grade) containing l e s s  than 10 p m  of 
contanbmts. The ozone was synthesized from the oxygen in a s t a t i c  ozone gener- 
ator.2 The gas mix tures  .prepand contained from 1s t o  18% of 03. 
analyeis of the ozone in t he  prepared gas mlrtures w a s  made by a standard ti; 
t r a t i o n  procedure.3 For each experiment the t e s t  gas mixture was shock heated 
wiWn three minutes follarlng addition t o  the shock tube, and a semple of the  
mixture w a s  withdrawn from the shock tube for ozone analysis one minute before 
shock b a t i n g  the mixture. 

900% 
a t  l e a &  
the Incident shock w-me to fom atomic and molecular oxygen. The concentrations 
of corygen atoms and molecules were determined f o r  each experiment by a numerical 
calculat ion based on an assumed decomposition mechanism and corresponding element- 
ary reaction ra te  constants a s  discussed below. The numerical calculations were 
made using the Cornell Aeronautical Laboratory normal shock wave computer progrern 
The calculations were performed on an IBM 7090-70!34 computer. 

The qu&itative 

The O3 t Ar mlxtures were shock heated t o  temperatures between 25OOoK and 
pressures between 0.5 anti 2.0 atm. kt these temperatures ami pressures, 
of t he  ozone had decomposed within 0.1 psec (par t ic le  t i m e )  behind 

4,5 

m. Rg6uLTs 

An oscillogram of the recorded emission in t ens i t i e s  i s  shown i n  Figure 1. 
For this experiment, a mixture of 6% + 94% Ar was shock heated t o  an i n i t i a l  
temperature of 3048OK and a pressure o 7 1.41 atm; this temperature snd prearmre 
correspond t o  t ranslat ional ,  ro ta t iona l  and vibrat ional  equiUbrium of the mixture 
with frozen chemical reactions.  
Figure 1, the  center wavelength and spectral  i n t e rva l  are given i n  Angstrom units. 
The shock f ront  a r r i v a l  1s indicated by the sudden rise Is t he  upper t race  of 
Figure Ib which shows the response of a heat r e s i s to r  gauge mounted i n  the shock 
tube wall  at the cross section of the  radiat ion measurement. 
the detector system i s  
channel with a center wavelength of 3002A for which the  response time i s  20 psec 
(laboratory time). To obtain the emission in tens i ty  inrmediately a f t e r  essent ia l ly  
complete ozone decomposition which occurs within 0.1 psec (par t ic le  time) of shock 
front  a r r i v a l  a t  the obsemation station, the  emission-time p ro f i l e s  are extrapo- 
la ted  pract ical ly  t o  zero time. l&merical calculat ions demonstrate that a f t e r  the 
ozone decomposes, the  concentrations of atomic and molecular oxygen and the temper- 
ature change slowly under the present experimental conditions toward an equi l lbr im 
state .  
initial rise in signal, the signal was e i the r  constant or Unearly increasing or  
decreasing slowly for 50 t o  150 psec (laboratory time), el lov ing for the noise in 
the si@; the extrapolation was based on t h i s  port ion of the trace. 

Opposite the  beginning of each channel t race i n  

The response time of 
15 psec (laboratory time) for a l l  channels except that 

For that  portion of the emission intensity-time prof i le  following the  

Tbe extrapolated values of the signals near zero time were coxrverted t o  in -  
t ens i ty  values for each spec t ra l  channel (I) by us- the f o l l o m  relation: 

w h e r e  S i s  the extrapolated oscillogram signal in vol t s ,  CiJ the ca l lbra t ion  
fac tor  b .watts str-1 1-1 cm-2 V-1, determined from the measured o s c i ~ s c o p e  
signal comesponding t o  the known steradiancy of the  standardized, tungaten ribbon 
filament lamp in each wevelength internel of the spec t ra l  channels, d(= 7.70 cm) 

I 

I 

I 

\' 
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the diameter of the shock tube and Ri, the r e f l ec t iv i ty  a t  the center wavelength Of 

Chamel i of the shock tube wall opposite the observation s ta t ion  window which 
serves a s  a bounding plane t o  the op t i ca l  f i e ld .  
t i v i t y  on the wavelength which was determined i n  two independent experiments6 and 
the normalization of the in tens i ty  with respect t o  the diameter of the  shock tube, 
d, have been discussed prev1ously.l 

The de2endence of the  reflec- 

The values of I computed a s  described above, are shown i n  Table 11; also 
given are the initid conditions, the shock velocity and the ca l ibra t ion  fac tors  
f o r  each spectral  channel. 

Contributions t o  the observed emission in tens i ty  from molecular oxygen, argon 
o r  impurities i n  the t e s t  gases were examined by shock heating argon and oxygen- 
argon mixtures t o  temperatures up t o  3 6 0 0 ~ ~  No signal was observed with shock- 
heated oxygen-argon mixtures u n t i l  significant decomposition of the molecular 
oxygen t o  form oxygen atoms occurred; with shock-heated argon, aos igna l  was observ- 
ed only i n  the  spectral  channel with a center wavelength of 451lA. This signal 
was a transient lasting about 50 psec (laboratory t h e )  and was apparently caused 
by an impurity i n  the argon o r  by residual gases i n  the shock tube. 
the extrapolation procedure t o  the  data fo r  t h i s  channel, the oscillogram trace fo r  
t(1aboratory time) < 50 psec was disregarded. However, when the extrapolation was 
made using tha t  portion of the trace for  which t(1aboratory time) 21501.~sec, a lower, 
but not significantly different value of the signal w a s  obtained. The in t ens i t i e s  
corresponding t o  the l a t t e r  signal values are only considered below i n  connection 
with Figure 7. 
t race  by the transient signal fo r  t(1aboratory time), 50 psec, although t h i s  i s  
d i f f i cu l t  t o  establish because of the signal noise. 

I n  applying 

This difference could indicate a contribution t o  the  oscillogram 

For each experiment, the oxygen atom concentration Imedia te ly  behind the 
shock front was determined by a numerical calculation based on the following 
react ion mechanism: 

M = 02, 0 Ar (m) 3' o3 + M z= o2 + 0 + M 
o + o  c o 2 + 0 2  3 
O 2 + M = 2 0 + M  M = A r  (R3) 

The forward r a t e  constants f o r  these reactions were pa r t  of the input data f o r  the 
computer program4 while the  reverse reaction r a t e  constants were calculated from 
thermodynamic data and the forward reaction r a t e  constants as  pa r t  of the computer 
program. The ra te  constants for  reactions R1 and R2 have been deduced from experi- 
ments on the thermal decomposition of ozone a t  temperatures between 3 4 3 O K  and 
383OK i n  s t a t i c  e x p e r i m e n t s 7 ~ ~  and a t  temperatures between 689OK and glO°K i n  shock 
tube experinrents.9 
determined i n  the low temperature expe r imen t s .7~~  
a t  tem eratures above 2500°K involves a large extrapolation and recent experi- 
mentslf; indicate t h a t  the  r a t i o  kl/k2 i s  a s  much a s  f ive  times smaller than the 
extrapolated value i n  the  approximate range of temperatures between 1500°K and 
2800'K. 
Arrhenius f o n n . 7 3 ~ 9  It w i l l  be shown below, however, t ha t  this discrepancy i s  
prac t ica l ly  resolved fo r  the present experiments by using the r a t e  constant fo r  
reaction Rl i n  the form corresponding t o  the ~nshelwood-Rice-Ramsperger-Kassel 
theory of uni-molecular reactions a s  given by Jones and Davidsong an the  r a t e  
constant for  reaction R2 i n  the co l l i s ion  t eory form, i.e., k = A ! d 2  e-E/m, 
based on the data of Benson and Axw0rthy.7,~ The values of the  parameters i n  these 
r a t e  constant expressions f o r  reactions Rl and R2 are given i n  Table I11 i n  the 
group labelled se t  11; i n  the group labelled set I, the  values of tk parameters 
f o r  the ra te  constants expressed i n  the Arrhenius form are given f o r  reactions R1 

The re la t ive  e f f ic ienc ies  of Ar, 02 and 03 i n  reaction R1 were 
The use of these r a t e  constants 

This co lusion i s  based on r a t e  constant expressions given i n  the 
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& R2. 
glven i n  Table mj however, exclusion of the  data f o r  from the numerical cal-  
culat ions did not slepllficantly a l t e r  the calculated oxygen atom concentration a t  
the time of essent ia l ly  complete ozone decomposition. To. reduce the machine com- 
puting time, the calculat ions were stopped a f t e r  greater than 994s ozone decompo- 
s i t i o n  and the  f ina l  oxygen atom concentration w a s  determined by a l inear  extrapo- 
l a t i o n  based on the concentration of- the ozone remining and on the r a t e  of oxygen 
atom production per unit ozone concentration in t h e  last  machine integration step. 
Also in making the numerical calculations, the assumption was adopted that  the 
vibrat ional ly  excited oxygen, formed in reaction R2,u had no ef fec t  on the de- 
camposition of ozone. 
about 0.1psec w h i l e  the vibrat ional  relaxation time for oxygen in the  prese50,32 
experiments was between 0,.1 and 1.0 psec as estimated from the available data. ) 

I n  Table IV, the  computed oxygen atom concentrations and the temperatures 
a f t e r  ozone decmposition are given. FNlm data in Tables II and IV, it was found 

The r a t e  constant paremeters f o r  the  forward dFrection of R3 are also 

c he chemical relaxation time f o r  ozone decomposition was 

tha t .  
( 2 )  

where Ii i s  the  emission in tens i ty  i n  w a t t s  str-l L-l cm-3 obtained by extrapolat-  
ing the emission-time p r o f i l e s  on the  osciLlograms of shock heated 0 
t o  the time immediately f o l l o w i n g  shock front a r r i v a l  a t  the observaGion station, 
Ti, a constant for  each spec t ra l  channel and (0), the atomic oxygen concentration 
i n  moles cm-3. 
i n  Figure 2. The concentration-normalized, absolute emission intensi t ies ,  ri axe 
functions of the  temperature only and the logarithms of ri are found t o  be l inear ly  
re lated t o  the  reciprocal of the  absolute temperature. This i s  i l l u s t r a t e d  i n  
Figures 3 and 4 for  the six spectral  chanuels employed (see Table I). 
drawn through the data points  are the  least squares f i t s  t o  the data  and the v e r t i -  
c a l  bars Indicate the standard deviation a t  the 90% confidence level. 
r, plot ted in these f igures  were calculated according t o  equation 2 w i t h  oxygen 
atom concentrations determined from numerical calculations using the r a t e  constants 
f o r  Rl, R2 and R3 given in set II of Table III. When the oxygen atom concentratios 
were calcula ed using the  r a t e  constants in the Arrhenius form as given i n  the 

the i n i t i a l  ozone concentration a s  shown i n  Figure 5.  In  this figure,  the Unes 
drawn through the data points  are  the least squares f i t s  f o r  each i n i t i a l  OZOM 
concentration, (0 )o. 
ponding t o  a partqcular i n i t i a l  ozone concentration. 
3 and 4, the dependence of Ti on (03)o can be made insignificant by Introducing a 
reasonable pre-exponential temperature dependence in to  the r a t e  constant ex- 
pressions for reactions R1 and R2. For each i n i t i a l  ozone concentration, the data 
for each spectral  channel a s  shown in Figures 3 and 4 are found not t o  be signifi- 
cantly different  a t  the  gO$ confidence l e v e l  based on the standard deviations 
determined f o r  the l e a s t  squares f i ts  t o  the data at constant (03)o and $. 

the act ivat ion energy E$, i n  the re la t ion  

+ Ar mixtures 

Three examples of data plotted according t o  equation 2 are shown 

The lines 

The values of 

l i t e r a t u r e 7 ~  8 39 and in Table I11 as set I, the values of Ti were found to  depend on 

In Figure 5 ,  equation 2 i s  vaUd f o r  each set of data corres- 
However, a s  shown I n  Figures 

Fm;n the temperature dependence of Ti, as shown in Figures 3 and 4, values of 

-Ei/RT 
Ti = Ai e (3) 

were determined for  each spec t ra l  in te rva l  employedj the r e s u l t s  a r e  shown in 
Table V. .There i s  no s ignif icant  dependence a t  the 
act ivat ion energy on the  wavelength. 
the corresponding standard deviation are  28.6 and 2.2 kcel  mole-l, respectively. 

confidence leve l  of the 
The average of these act ivat ion energies and 

Rate constants corresponding t o  the  overal l  radiat ive combination of. oxygen 
atoms, i.e., f o r  the process 
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0 + 0 - O2 + hv (R4 1 
were calculated a t  f ive  temper tures  and then combined i n  an Arrhenius expression 
t o  obtain the value ko= 4.31OS exp(- 28900 f 2200/RT) cm3 mole-1 sec-l f o r  the 
wavelength range 23OOA t o  5OOOA. 

IV. SUMMARY AND DISCUSSION 

Absolute in tens i ty  measurgments werz made of the emitted radiation i n  the 
wavelength region between 2300A and 451I.A; t h i s  radiation was observed by shock 
heating mixtures of ozone and argon t o  temperatures between 2500°K and 3800'K. 
The presence of oxygen atoms was necessary t o  observe t h i s  rad ia t ion  and the 
absolute emission in tens i ty  was found t o  be proportional o n l y  t o  the  square of the 
oxygen atom concentration a t  a given temperature. Furthermore, t he  temperature 
dependence of the absolute emission in tens i ty  normalized with respect t o  the  square 
of the oxygen atom concentration could be characterized by an activation energy of 
28.9 & 2.2 kca l  mole-l. 

These observations can be rationalized i n  terms of the poten t ia l  e n e r a  curves 
for oxygen a s  shown i n  Figure 6; the curves presented here were selected from the  
diagrams of Cilmore.l3 
oxygen atoms, O(3P), which may then combine along several po ten t ia l  energy surfaces. 
Such a process would be proportional t o  the square of the  oxygen atom concentratioq 
a t  l ea s t .  The fact  tha t  the radiative process observed has an activation energy of 
28.9 f 2.2 kca l  mole-' leads t o  the  following suggested mechanism. 
s ta te  oxygen atoms combine along a repulsive poten t ia l  surface with a subsequent 
t r ans i t i on  t o  the B 3 q  s t a t e  of molecular oxygen; the radiative t rans i t ion  from 
the l a t t e r  s t a t e  t o  the ground s ta te ,  X 3 c ,  then occurs. The vibrational leve ls  
of the  B3G s ta te  from which the transiti&x originate l i e  a t  v S 4., This con- 
elusion i s  based on the f a c t  t ha t  the energy difference between the v 

The thermal decomposition of ozone produce s ground s ta te  

The ground 

1 = 4, J = 0 
s ta te  and the  ground s ta te  of the oxygen atoms i s  30.68 kcalmde- 

i m i t  t o  the experimental activation energy i s  31.1 kcal mole-1 a t  

The mechanism described i s  the reverse of a predissociation mechaniq suggest- 
ed14 t o  account fo r  observations made during the photolysis of O2 a t  1&9A. I n  
t h i s  case, molecular oxygen i s  excited t o  the B 3 q  s ta te  and predissociates along 
a repulsive potential  curve t o  yield two oxygen atoms, O(3P). 
chemicall5 and spectroscopic16 evidence has been obtained t o  support t h i s  pre- 

Additional photo- 

, dissociation mechanism. 

There are two other mechanisms f o r  the  radiative combination of oxygen atoms 
which are not significant for  the shock tube experiments. I n  one of these, ground 
electronic s ta te  oxygen atoms combine along the poten t ia l  surfaces leading t o  the  
A3e, c lG or-C3% s ta te  of O2 with subsequent radiative t rans i t ions  t o  the  
staves, 
between 25638 and 4880A)gand also perhaps several of t e other possible t rans i t ions  
have been 0 b s e r v e d l 7 J ~ ~ J ~ g  i n  flow systems containing atomic oxygen a t  low 
pressures and near room temperature. However, t h i s  mechanism i s  inconsistent with 
the present experimental observations since ( a )  a near zero activation energy i s  
predicted i n  contrast t o  the observed activation energy of 28.9 kca l  mole-1, and 
(b) the contribution of the  02 Herzberg bands t o  the measured emission in tens i ty  
i s  estimated t o  be l e s s  than 3$ of the t o t a l  Intensity. 

f o r  the radiative combination of oxygen atoms t o  give the  O2 Herzb rg  bands i s  
extrapolated t o  temperatures greater than 2 7 0 ° K  by assuming a T-172 dependence, 
this r a t e  constant becomes a t  l ea s t  30 times smaller than the rate constant derived 
from the present experimental data. 
tensity,  I(Schumann-Runge)/I(Herzberg), may be estimated t o  be greater than 130 on 

X3Fg o r  t o  b!I?. One t r ans i t i on  ( A 3 q  - X 3 g  i n  the wavelength range 

The l a t t e r  conclusion ma 
be demonstrated i n  two ways. I f  the value of the room temperature r a t e  constant lir 

Alternatively, the  r a t i o  of the  emission in-  
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the  b a s i s  of a simpufied mechanism a s  shown i n  Appendix A. 
nlan, the  oxygen atoms combine along the poten t ia l  surface of the B 3 q  state of o2 
a f t e r  collisional excztation of one of the atoms, O(3P) -. O(lD); the  radiative 
Oransition 3% -. X3% subsequently occurs. 
with the present experimental observations since (a )  an act ivat ion energy of about 
45 &al mole-' 1s predicted and t h i s  i s  s ignif icant ly  greater  than the observed 
act ivat ion energy, and (b) the spec t ra l  in tens i ty  d is t r ibu t ion  r e s u l t i y  from t h i s  
m chanian i s  unlikely t o  result i n  t rans i t ions  originating only from v i 4 of the 

I n  the szcond mecha- 

. This mechanisn i s  also inconsistent 

B 3 s t a t e  of 02. 

3 On the assumption t h a t  t he  observed t r ans i t i on  i s  B 
of the  experimental and theore t ica l  r e l a t ive  spectral  d i s t r ibu t ion  c u q e s  indicates 
tha t  the observed rad ia t ive  t r ans i t i ons  originate primarily from the v = 0 and 
1 levels of the  B 3 q  sta%e. 
of 2632OK, 3030°K and 3571OK; the experimental data are represented by discrete  
symbols and the  theore t ica l  data  are represented, fo r  the  sake of c lar i ty ,  by 
curves which pass through the data calculated fo r  the experimental spectral  in te r -  
va ls  which the hnrizn&l_tql bms wen. The v e r t i c a l  bars tkiro-igh tine symbvis re- 
present the standard deviat ion a t  the 9 6  confidence level .  
c a l  comparison, the theore t ica l  r e l a t ive  spectral  d i s t r ibu t ion  curves were ve r t i -  
ca l ly  adjusted so as t o  cpincide with the experimental absolute spectral distri- 
bution curve a t  A, = 3OO2A. The three curves a re  calculated fo r  t rans i t ions  
or iginat ing from v '  = o and 1, 0, 1 and 2 and 0, 1, 2 and 3 and i n  t h i s  order 
demonstrate an increasing deviat ion of the p e o r e t i c a l  calculations from the 
experimental data a t  wavelengths below 3000A. 
are calculated as described above; the error i n  these data  are too large t o  permit 
a comparison with the various theore t ica l  r e l a t ive  spectral  d i s t r ibu t ion  curves.) 
However, the  comparison i s  imprecise and is only employed here t o  introduce the 
po s s i ? i l l t y  that the ob served radiat ive t rans i t ions  may or iginate  primarily from 
the Y 
a s y & i o n s  of thermodynamic e q ~ i l i b r i u m , ~ ~ ~ * ~ ~ ~ 3  of the smeared ro ta t iona l  kine 
model J 2 3  and of L?J 
These assumptions are not s t r i c t l y  va l id  f o r  use i n  a comparison with the present 
experimental data. 
truncation of the population d is t r ibu t ions  i n  the vibrat ional  and ro ta t iona l  levels 
near the  crossing l eve l  (i-e.,  near an intersect ion of the poten t ia l  curyes i n  a 
cer ta in  low approximation, see ref. 25) which would introduce a perturbation i n  
these dis t r ibut ions.  In the  co  erse case of a predissociation mechanism, such a 
perturbation has been observed29vand corresponds t o  tha t  predicted27 i n  dissoci- 
a t ion processes. 

-X3$, a comparison 

"he comparison i s  shown in Figure 7 f o r  temperatures 

In  making t h i s  graphi- 

(The double points  a t  Ac = 45111 

= 0 and 1 levels of the B 3 g  s ta te .  In making the calculations,21 the 

0 f o r  a l l  vibration-rotation t r a n S i t i 0 1 1 S ~ ~ J ~ ~  were employed. 

A t  the l ea s t ,  the  inverse predissociation mechanism predicts  a 

Qualitatively, the statement may be made tha t  calculat ions which include 

2 2 w i l l  replt i n  a predicted in tens i ty  greater  than observed a t  wavelengths 
sfgnificant contributions by t r ans i t i ons  or iginat ing i n  vibrat ional  leve ls  with 
v 
l e s s  than 3000A. 
942 pf  the observed radiat ion occurs i n  the wavelengt9 range between 2640A and 
4400A; this i s  expected fo r  t r ans i t i ons  solely from v 
mation tha t  the t rans i t ions  occur only a t  the c l a s s i ca l  turning points of the 
poten t ia l  curve lo r  the B 3 q  s t a t e .  
v ibra t iona l  levels  which contr ibute  t o  the emission in tens i ty  ,observed i n  a given 
spectral  interval ,  the  strong influence of t r ans i t i ons  from v 2 2 on the in3ensity 
i s  indicated, fo r  example, i n  the wavelength in t e rva l  between 22691 and 233U 
(Channel 119 Table I) by the r e l a t ive  increase in the  Franck-Condon factors; f o r  
the l eve l s  v 
fac tors  a re  roughly i n  the  r a t i o d  lt10:1@:103r~103, respectively. 

!Chis i s  corroborated by noting that, at T = 3O3O0K, foroexample, 

= 0 and 1 t o  the approxi- 

Also, for  t r ans i t i ons  from the various 

= 0, 1, 2, 3 and 4, he re la t ive  magnitudes of the  Franck-Condon 

From the  experimental absolute spec t ra l  d i s t r ibu t ion  curves and the comparison 
with theore t ica l  re la t ive  spec t ra l  d i s t r ibu t ion  curves, the ten ta t ive  conclusion was 
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reached tha t  radiative t rans i t ions  Originate primarily f rom the v ibra t iona l  leve ls  
v i  = 0 and 1. 
28.gii 2.2 kcal mole-', the  conclusion i s  reached t h a t  vibrational leve ls  a s  high 
as v = 4 may possibly be occupied by newly formed oxygen molecules i n  the  B 3 Q  
state.  The re la t ion  between these conclusions can be quali tatively understood on 
the bas i s  of two factors. According t o  the f i r s t  factor, there i s  a preferen t ia l  
t r ans i t i on  from one t o  another po ten t ia l  surface in to  s t a t e s  with large values of 
J (or IT) and small values of v(< 4), i.e., molecules of O2 are formed with con- 
siderable angular m~rnentum.~g 
dependence associated with the vibrational deactivation of the  newly formed oxygen 
molecules; inclusion of this fac tor  i n  the analysis would resu l t  i n  a value of the 
energy required t o  reach the crossing point smaller than the experimental ac t i -  
vaction energy. 

On the other hand, from the experimental activation energy of 

The second fac tor  accounts for the temperature 

These fac tors  w i l l  be discussed br ie f ly .  

The preferen t ia l  formation of 02 i n  s t a t e s  of large J and m a l l  v may be under- 
stood i n  terms of the  effective poten t ia l  curves30 a s  shown schematically i n  
Figure 8 rather than i n  terms of the poten t ia l  curves f o r  a non-rotating molecule 
such a s  those shown i n  Figure 6. 
f o r  given v values (v = 0 i n  Figure 8) the poten t ia l  curves cross a t  higher energy 
values f o r  larger values of J when the selection ru le  &T = 0 i s  taken in to  con- 
~ i d e r a t i o n . 3 ~  Therefore it i s  possible t o  observe an activation energy fo r  
molecule formation which 
a l  l eve l  occupied (v = Y , J = 0) as  w a s  implied i n  the conclusions stated above. 

The effective poten t ia l  curves i l l u s t r a t e  tha t  

greater than the energy corresponding t o  the vibration- 

The contribution t o  the temperature dependence of the absolute emission in-  
t ens i ty  by the vibrational deactivation of newly formed O2 molecules can be shown 
with the  a id  of the following mechanism! 

(R5)  
(R6 1 
037) 
(R8,R9) 
(UO,RU 

* 
0 + 0 z! 02(v/ = 1) * 

02(vJ = 1) + M Z= 02(v1 = 1) + M 
02(vJ = 1) + M z! 02(vi = 0) + M 

02(v' = 0,l)  + M t O2 + M 
02(vd = 0,l) -. O2 + hv 

* /  where 02(v = 1) i s  a n e w l y  formed molecule i n  the  v' = 1 level  of the B 3 q  s ta te  
with the ro ta t iona l  energy corresponding to,the crossing level, 02(vd= 0 or l), a 
molecule with l e s s  rotational energy than 0 ~ ( ~ & 1 ) ,  and 02, a molecule i n  the ground 
electronic s ta te ,  X 3  
in tens i ty  can be der%ed 

. For this mechanism, the following expression f o r  the emissjon 

-5. -6 -7 .9 
when k- represents an allowed t r ans i t i on  ("-5 - ld-1 ~ e c - l ) , ~ 5  and other r a t e  
constanzs have the values a s  estimated (see Appendix B). When account i s  teken of 
the temperature var ia t ion  of the bracketed term, the  activation energy assigned t o  
k5 becomes - 1.5 kca l  mole-1 smaller than otherwise i n  accordance with the esti- 
mated values of the r a t e  constants. 
found on this bas is  a l so  t o  be lower than t h a t  corresponding t o  the  experimental 
activation energy. It may be noted tha t  the var ia t ion  of the  bracketed term of 
E q .  (4)  is primarily a r e su l t  of the temperature coefficient of the  vibrational. 
deactivation process represented by 9. If, however, the oxygen may be formed 
i n  several vibrational l eve l s  directly,  the  e f f ec t  of vibrational deactivation 
becomes negligible i n  the  approximations used here. 
ing two reactions are added t o  the  above mechanism 

Thus the  energy l eve l  of the crossing i s  

For example, i f  the follow- 

t 
0 + 0 02(vd = 0) 

oE(v' = 0) + M =Z 02(vJ  = 0) + M (m3 1 
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then the emission in tens i ty  expression becomes 

' ( 5 )  

& t h e  dependence of I on 'fa can be n e g l e ~ t e d . 3 ~  The reverse of this case occurs 
i n  &$edissociation when a b --off i n  successive vibrat ional  levels  is observ- 
ed. 
several  vibrat ional  levels of interest ,  the energy difference of the  breahing-off 
points  i s  found to be large in predissociation. If the  reverse of this process 
were obsemed i n  the inverse predissociation mechanism, considered above, it would 
imply t h a t  the observed act ivat ion energy is an average over the energy levels  
corresponding t o  the several crosslng points.  

If the radiat ive t rans i t ions  observed i n  the present experiments originate 
primarily from vibrat ional  l e v e l s  v'  = 0 and,1 of the B 3 q  state, then predissoci-  
a t ion ought o be obsemed a t  l e a s t  in the v = 2 level.  Several spectroscopic 

of oxygen. Whi? interpretat ion of these experiments does not include p r a i s s o c i -  
a t ion  from,the v = 2 level,  there i s  not general  agreement33 t h a t  predissociation 
from the  v = 2 l eve l  is excluded. 
absorption y d  demonstrated predissociatlon i n  leve ls  from v 
maxima at v = 4 and 11 and a minimum a t  v' = 9 In the  probabili ty f o r  pryl issoci-  
ation. Furthermore, from t h e  investigation* of the  predissociation a t  v 
and 5, the  t rans i t ion  was found t o  be allowed and t h e r e f ' 0 r e l ~ j ~ r 3 ~  could be 
represented a s  B 3 q  - 3nu. On the  basis of calculations, Van$e+ice, Mason and 
Misch33 believe the 3nU curve crosses a t  the  bottom of the  B & curve and then 
rises along the  l e f t  hand branch of the  l a t t e r  curve; the  interpretat ion of the 
present experiments is in bes t  agreement with t h i s .  In postulating t h i s  potent ia l  
curve shape, these authors r e j e c t  the explanationG t h a t  the abnormal widths  found 
i n  absorption f o r  the ro ta t iona l  llnes in the  2-0 and 1-0 bands of the Schumann- 
Runge bands r e y l t  from a b l e d n g  of fine structure and imply  tha t  predissociation 
occurs i n  the v = 0, 1 and 2 levels.  
s u g g e ~ t e d l ~ , 1 ~ , 3 ~  require a predlssociation a t  v 5 3; the above experimental 
r e s u l t s  could only be s t r i c t l y  i n  agreement with this requirement if  a sy2ternatic 
e r ror  e x i s t s  i n  the r e l a t i v e  spectral  intensi ty  measurements for A S 3000A. A t  
the present, no such er ror  has been ident i f ied.  Furthermore, this disagreement 
would be reduced where the potent ia l  curve shape is such tha t  tunneling i s  

In  potent ia l  curves of the form of those i n  Figure 8 but including the 

# 

p=elrbe~%s 2 j32 h m e  kc? t o  t h e  obsem=ttion o r  predisscciat ian in the B3r- s ta te  

The spectroscopic studie? were conpcted in 
= 3 t o  v = I 2  with 

= 3, 4 

Other p o t y t i a l  curve shapes t h a t  have been 

important. 32 

The spectral  resolution in the  present experiments was too mall t o  permit 
In the  oxxgen system of 

o t e n t i $ l - c y s  (Figure 6) there  are two allowed t rans i t ion5  B3& - X3Gu and 
spectroscopic ident i f ica t ion  of the  radiat ing species. 

3nU - X  4. 
would shl t t o  lower wavelengths a t  higher t_emperat_ures. 
observed (see Figure 7), the t rans i t ion  B3G -. X 3 s  w a s  asslrmed t o  be t h a t  one 
detected i n  the present experiments. 

The l a t t e r  t rans i t ion  would r e s u l t  i n  an emission continuum which 
Since this is not 

APPEND= A 

To estimate the r a t i o  of the emission intensi ty ,  I (Schumann-Runge)/Ibrz- 
berg), the following sfmpllfied rnechanlm is assumed t o  apply t o  both radiat ive 
proce sse s I * 

o + o = o & I  (JQ 
o2 + M = 0': + M * 
0; + M - o2 + M 

0; - 02 + hv 
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where 02 i s  a newly formed molecule i n  e i t h e r  the B3G or the  A3$, c1G or  C341 
s ta tes ,  03, a s tabi l ized molecule i n  one of these states and 0 , a molecule i n  t h e  X 3 5  state .  If k2, k-2, and k3 are assumed t o  be ident ica l  a d  larger  than k4 M'l 
for  each of the four electronic s ta tes ,  then the  r a t i o  of the  emission in tens i t ies  
w i l l  be. 

'SR '4,SR '1,SR -l,H , 130 
%I ( kh,H)(kl,H)('-l,SR) 

* 

(A51 

where k4 

re ese 
e - 3 8 ~ o ~ R T / ~ Z l ,  with Z1, the co l l i s ion  number, 3/7 the r a d 6  of $i$ s t a t i s t i c a l  
weights for  formation of 02 i n  the respective electronic s t a t e s  from which the 
Schumann-Fhnge or  Herzberg 02 band t rans i t ions  originate, and the  probabili ty 
of the  radiationless t rans i t ion  from the  respulsive t o  the bound s ta te  assumed t o  
be equal t o  the  t rans i t ion  probabili ty f o r  the reverse process.35 

18J20; (k-l,H/k-l,SR) - 1 0 ~ ~ / 1 0 ~ , ~ ~ , ~ ~  assuming k-: t o  
m/k4 > 10 , 
an ahowed radiat ionless  d e c o m p ~ s i t i o n ~ ~ ;  and (k =/k ) - 3 Z 1  

APPENDIX B 

Estimates of the ra te  constants for reactions R6 t o  Rll were made as  follows. 
For k6 and k-6, rotat ional  deactivation and act ivat ion were assumed t o  occur a t  

vibrat ional  deactivation was estimated using the empirical re la t ion  of Millikan 
and Whiteu i n  the following form 

(B1) 
where the starred quant i t ies  re fer  t,o the  excited s ta te ,  B3G and the unstarred 
quant i t ies  t o  the ground s ta te ,  X3%; 8 i s  the  character is t ic  o s c i l l a t o r  temper- 
a ture  and pr ,  the  pressure-relaxation time product. The values of r were e s t i -  
mated from data on T-V process for 02-O2= and O2-ArU and from the vibrat ional  
relaxation of 0, by d-o w i t h  the following expressions 

iog(pT)* = (e*/e14/3 log p 7  +s~(e* /e)~/3 - 11 

- 
7-1 - -1 -1 -1 - xo2 702-02 + xo ro2-o + XAr 7O2-Ar 

where Xi i s  the mole f rac t ion  of i and rx-y, the  relaxation time of x i n  the  
presence of . For the mixtures em loyed, the aver e o f  t h e  estimated values of 
k7(= 7 - l  M-'? were Y1Ou and 6Xld cm3 mole-' sec' a t  25OO0K and 35OO0K, re- 
spect ivel  . The act ivat ion rate constant, k-7 was estimated from 
mole-l/R!C$. The r a t e  constants f o r  e lectronic  deactivation, k an3%, were found 
t o  be 4.y1@ and 5.l81@, cm3 molem1 sec-l at 25OO0K and 358OoK, respectively 
on the assumption tha t  one i n  one hundred collisions was e f fec t ive  for  t h i s  
process, Finally, the radiat ive r a t e  constants, klo and kU, were estimated using 
the re la t ion  

exp(- 1970 c a l  

k = ~1.l = l oO13X10d  c q(v', v") v3(v',vN) (B3) 

where q i s  the Franck-Condon factor  for the  t rans i t ion  v'  -. v" and V i s  the wave 
number, evaluated head in  the  approximation employed. For both klo and 
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T&BLF: I: SPECTRAL ClIANXEL CFXlW WAVEUXTHS AND BANDPASSES 
Channel 

4 A 62 102 200 206 208 202 

TABLE 111: FORWARD RATE CONSTANPS, k(a) 
Set I Set I1 - 

Reaction A n Ea A n 'a -- 
l a  03W3 - 02+oto3 7 23.15 10.guCl&d -1.25 24.35 
l b  03+02 - 202+0 5 . 8 W d 4  0 23.15 5.15X1Ol8 -1.25 24.35 
IC 03iAr - 02+O+Ar 3.76Xd4 0 23.15 3.12Xd8 -1.25 24-35 

3 O2tM-2c+M 1.1gX1s1 -1.5 118.0 l.lgXlgl -1.5 118.0 
2 o+03 - 202 3.Wld-3 0 5.60 1.04x1& 0.50 5.288 

(a )  k = ATn 
mole-1. 

units for A, ~ r n ~ r n o l e - ~ s e c - ~  or crn6rnole-2sec-1, for Ea,kcal 

TABLE IV: OXYGEN ATOM CONXNCRATIONS AM, TEMPERAWRES 

(0)x 107 
Run mole cm-3 

1.620 
1015 1.640 
1016 2.192 

101.8 0.8171 
1019 1.626 
1020 2.482 
1021 0.8370 
1022 1.131 
1023 2.186 
1024 3.349 

1017 . 2.449 

A ,w 
2300 
2500 
3002 
3506 
4010 
4533 

- 

2976 
2969 
2990 
2939 

2738 

2824 
2841 
2883 

2691 

2718 

Run 
1026 
1027 
1028 
1029 
1030 
1031 
1034 
103 5 
1036 
1039 
1040 

(0)x 107 
m o l e  cm-3 

0.973 
2.218 
3 360 
1.500 
0,7501 
2.238 
1.415 

2.ll9 
0.7102 

2 . q  
1,086 

(0)x 107 
mole cm-3 
1.084 
2.101 
1.067 
2.776 
1.422 
1 - 3 6  
0.3471 
0.5163 
0,7712 
0.7963 
0*635'+ 

T,oK 
3390 
3835 
3767 
3335 
3728 
3530 
3309 
3205 
2755 
2494 
2965 

TABLE V: 
-6 

THE TWERATURB DEPENDElCE OF Io 

E ,kcal,iole-l -1 8-1 3 -2 
i cm mole AiXLO , w a t t  str 

1.14 29-8 
7.42 27.4 

89.1 30.4 
119.2 27e8 

47.1 31.1 
7-38 25.1 
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